Glial cells efficiently recognize and clear cellular debris after nervous system injury to maintain brain homeostasis, but pathways governing glial responses to neural injury remain poorly defined. We identify the Drosophila melanogaster guanine nucleotide exchange factor complex Crk/Mbc/dCed-12 and the small GTPase Rac1 as modulators of glial clearance of axonal debris. We found that Crk/Mbc/dCed-12 and Rac1 functioned in a non-redundant fashion with the Draper transmembrane receptor pathway: loss of either pathway fully suppressed clearance of axonal debris. Draper signaling was required early during glial responses, promoting glial activation, which included increased Draper and dCed-6 expression and extension of glial membranes to degenerating axons. In contrast, the Crk/Mbc/dCed-12 complex functioned at later phases, promoting glial phagocytosis of axonal debris. Our work identifies new components of the glial engulfment machinery and shows that glial activation, phagocytosis of axonal debris and termination of responses to injury are genetically separable events mediated by distinct signaling pathways. npg 9 8 0 VOLUME 15 | NUMBER 7 | JULY 2012 nature neurOSCIenCe a r t I C l e S
a r t I C l e S Nervous system injury or disease can lead to the production of sub stantial amounts of neural waste material, including neuronal cell corpses as well as axonal, dendritic and synaptic debris. In the mam malian CNS, microglia and astrocytes are sensitive to neuronal health and in response to neurodegeneration undergo reactive gliosis, a process whereby glia invade the injury site and clear degenerating neural debris [1] [2] [3] [4] [5] . Rapid clearance of neuronal debris is thought to be essential for maintaining brain health, suppressing inflammation or autoimmunity, and promoting functional recovery [6] [7] [8] . Rapid disposal of neuronal debris is also critical for synaptic plasticity: suppress ing clearance of axonal and synaptic debris at the Drosophila neuro muscular junction potently suppresses synaptic expansion 9 . Despite widespread phagocytic functions of glia in the brain, we know little about how neuronal debris is recognized, internalized and degraded by engulfing glial cell types 10, 11 .
Molecular insights into cell corpse clearance came from studies of cell death abnormal (ced) mutants in Caenorhabditis elegans 12, 13 . Two partially redundant pathways together promote the clearance of cell corpses during development and in the germline. In one path way, CED2, CED5 and CED12 act upstream of the small GTPase CED10 (Rac1 in mammals) to promote cytoskeletal reorganization and corpse engulfment 14, 15 . Subsequent work on the mammalian orthologs of CED2/CED5/CED12, CrkII/Dock180/Elmo, revealed that this complex acts as a new guanine nucleotide exchange factor (GEF) that activates Rac1 (refs. 16, 17) . In a second, parallel genetic pathway, CED1 and CED6 also promote the removal of cell corpses. CED1 is a transmembrane receptor thought to act in corpse recog nition 18 and degradation 19 and, through association with the phosphotyrosinebindingdomain protein CED6 (ref. 20) , to activate engulfment. Loss of the CED2/CED5/CED12 or CED1/CED6 pathway leads to a partial suppression of cell corpse engulfment, whereas simultaneous inactivation of both pathways suppresses clearance of cell corpses much more strongly 13 .
The Drosophila ortholog of ced-1, draper, is required in embryonic glia for glial clearance of the neuronal cell corpses generated during embryonic neurogenesis 21 . However, the action of Draper in recogniz ing and engulfing neural debris in Drosophila has now been extended to developmentally pruned axons 22, 23 and dendrites 24 , presynaptic debris shed from the neuromuscular junction 9 and axons under going Wallerian degeneration 25 . Drosophila CED6 (dCed6) and the Src family signaling cascade composed of the nonreceptor tyro sine kinases Src42a and Shark act downstream of Draper to activate engulfment events 26, 27 . The closest mammalian sequence orthologs of Draper, Jedi1 and MEGF10 are expressed in the precursors of dorsal root ganglion satellite glial cells, where they modulate glial clearance of cell corpses 28 . Thus, at the level of Draper signaling, the molecular mechanisms by which glia recognize and engulf neural debris appear well conserved.
Loss of Draper signaling blocks all glial responses to axon injury in vivo-even initial activation, which entails upregulation of engulfment genes and extension of glial membranes to injury sites [25] [26] [27] . These observations argue for an early function of Draper in activating glial responses to brain injury. How later steps in glial responses to axon injury (for example, phagocytosis of axons and termination of glial responses) are regulated remains less clear. Here we explore the functions of the Drosophila orthologs of the CED2/CED5/CED12 complex, CED10, Crk/Mbc/dCed12 and Rac1 in Wallerian degeneration. We show that each of these molecules is required for clearance of degenerating axonal debris, and the Draper and Crk/Mbc/dCed12 pathways act in a non redundant fashion. We demonstrate that each pathway acts at dif ferent phases of glial response to brain injury: Draper is required for glial activation during very early glial responses to axotomy, whereas the Crk/Mbc/dCed12 complex is specifically required for activation of the glial phagocytic phenotype, a later stage of the glial response. These data shed new light on the function of these wellconserved signaling pathways in modulating glial responses to axotomy and demonstrate that glial recruitment to degenerating axons and phago cytosis of axonal debris are genetically separable events mediated by distinct molecular pathways.
RESULTS
Crk/Mbc/dCed-12 and Draper drive engulfment of axon debris To identify new genes governing glial responses to brain injury, we explored the role of the GEF complex Crk/Mbc/dCed12 and the small GTPase Rac1 in glial clearance of axons undergoing Wallerian degen eration. We labeled olfactory receptor neurons (ORNs) with GFP (using OR85e-mCD8øGFP), knocked down crk, mbc, dced12 and rac1 in glial cells using the gliaspecific repo-Gal4 driver and genespecific upstream activating sequence (UAS)RNA interference (RNAi) con structs, severed ORN axons and assayed degeneration and clearance of GFP + axons. Gliaspecific knockdown of either crk, dced12 or rac1 potently suppressed clearance of axonal debris, with most persisting 5, 10, 15 and even 30 d after axotomy ( Fig. 1a,b) . Results were similar with additional UAS-crk RNAi and UAS-rac1 RNAi lines ( Supplementary  Fig. 1a,b ). Glial knockdown of mbc was lethal, necessitating our use of adult and cell type-specific knockdown of mbc in glia to assay its function (see below). Severed axons fragmented within 1 d after axotomy in crk RNAi , dced12 RNAi and rac1 RNAi backgrounds, indicating that their depletion in glia does not affect fragmentation of axons. Clearance of degenerating axons occurred normally in RNAialone controls ( Supplementary Fig. 2a,b ). Thus depletion of glial Crk, dCed12 or Rac1 is sufficient to block clearance of degenerating axons for weeks after axotomy.
draper null mutations are known to suppress glial clearance of degenerating axons 5 d after injury, but whether clearance of severed axons is simply delayed in draper null mutants, as in developmental axon pruning 22, 23 , or completely blocked is unknown. We therefore assayed axon clearance in draper flies 5, 10 and 27 d after axotomy. Most axonal debris remained in draper ∆5 mutants even 27 d after axot omy ( Supplementary Fig. 3a,b) . Thus, Draper is absolutely required for clearance of severed axons in the adult brain. As we observed a near complete suppression of axon clear ance when either pathway was perturbed, our results indicate that Draper signaling and Crk/dCed12 act in a nonredundant fashion during glial engulfment of severed axons.
To provide genetic evidence supporting a role for Crk/Mbc/dCed12 and Rac1 in glial engulfment activity, we next assayed the effects of loss of function mutations in these genes on glial engulfment function. Null alle les of mbc, dced-12 and rac1 are lethal dur ing development, precluding an analysis of loss of function mutants at adult stages. We therefore assayed for dominant genetic inter actions between these loci in axotomy assays. Axonal debris was cleared normally mbc C1 /+, rac1 J11 /+ or dced-12 KO /+ flies, indicating that none of these mutations dominantly affect clearance of degenerating ORN axons ( Fig. 2a,b) . However, we observed a modest but appreciable delay in axon clearance in transheterozygous mutant combinations of mbc C1 /rac1 J11 , dced-12 KO /+; mbc C1 /+ and dced-12 KO /+; rac1 J11 /+. Moreover, in triple transheterozygote dced-12 KO /+; mbc C1 /rac1 J11 flies, ~60% of axonal debris remained in the brain 5 d after axotomy ( Fig. 2a,b) . These data, coupled with our gliaspecific RNAi data for crk, dced-12, mbc and rac1, indicate that Crk/Mbc/dCed12 and Rac1 function together in glial cells to promote clearance of degenerating axons from the brain.
Crk/Mbc/dCed-12 promote axon debris clearance in the adult Driving RNAi constructs with repo-Gal4 results in a chronic knock down throughout development, raising the possibility that glial engulfment defects could be developmental in origin. Indeed we found that driving UAS-mbc RNAi or a UAS-regulated dominant nega tive version of Rac1, UAS-rac1 N17 , with repo-Gal4 resulted in pupal lethality. We therefore performed adultspecific RNAi for crk, mbc, dced-12 and rac1, and also drove adultspecific expression of UAS-rac1 N17 . We generated lines bearing each of these UAS-regulated transgenes, repo-Gal4 and tub-Gal80 ts . In tub-Gal80 ts flies, Gal80 ts suppresses the Gal4dependent expression of UAS-regulated con structs at 18 °C. However, at 30 °C, Gal80 ts is inactivated, Gal4 activ ity is derepressed and UAS-regulated constructs are activated. We raised the above flies at 18 °C, shifted them to 30 °C for 1 week after eclosion and performed axotomy assays. Adultspecific glial knock down of mbc, crk, dced12 or rac1 with RNAi constructs, or expression of rac1 N17 in mature glia, led to a robust suppression of glial clearance of axonal debris ( Supplementary Fig. 4a,b) . These data indicate that Crk, Mbc, dCed12 and Rac1 function during adult stages in glia to promote engulfment of degenerating axons.
There are two primary subtypes of neuropilassociated glial cells in the adult brain antennal lobe. Ensheathing glia express components of the Draper signaling pathway and are essential for clearance of degen erating ORN axons. Astrocytelike glia are also present in the adult brain, but these do not express Draper, nor do they respond morpho logically to ORN axon injury 26 . We used drivers specific to ensheath ing (mz0709-Gal4) or astrocytelike (alrm-Gal4) glia to drive crk, mbc, dced-12 and rac1 RNAi constructs, and assayed ORN axon clearance after axotomy. Ensheathing glia-specific knockdown of each of these genes strongly suppressed clearance of axonal debris, whereas knock down in astrocytelike glia had no effect ( Supplementary Fig. 4c,d Fig. 5a,b) . We conclude that all components of the Crk/Mbc/dCed12 GEF complex and Rac1 are required in ensheath ing glia for clearance of degenerating axons from the brain.
To determine whether the GEF complex composed of Crk/Mbc/ dCed12 might be dynamically recruited to severed axons after axotomy, we assayed localization of dCed12 during glial responses to axon injury. dCed12 immunoreactivity was not detectable on maxillary nerves of control flies. However, 1 or 3 d after axotomy, we found dCed12 enriched on the degenerating maxillary nerve ( Supplementary Fig. 6a,b) . This staining was specific to dCed12, as gliaspecific knockdown of dCed12 eliminated injuryinduced locali zation of dCed12 to severed axons. We conclude that glially expressed dCed12 rapidly localizes to degenerating axons in response to axot omy. As we did not detect appreciable expression of dCed12 before injury, glial expression of dCed12, like that of Draper and dCed6 (refs. 25,26) , appears to be upregulated in glia following axotomy.
Rac1 is downstream of Crk/Mbc/dCed-12 and Draper
We suspected that Rac1 functions primarily downstream of the Crk/Mbc/dCed12 GEF. We therefore drove the expression of a constitutively activated version of Rac1 (Rac V12 ) in glia in which we also blocked glial Crk function. Expression of Rac V12 in glia during development resulted in organismal lethality, so we again used a con ditional approach, using Gal80 ts to restrict the expression to adult brain glia ( Fig. 3) . We found adultspecific expression of crk RNAi in ensheathing glia to potently suppress glial clearance of degenerating axons 11 d after axotomy ( Fig. 3a,c) . However, coexpression of Rac V12 resulted in normal clearance of degenerating axonal debris similar to that in controls ( Supplementary Fig. 7a-c) . These data argue that activation of Rac1 is a primary function of Crk/Mbc/dCed12 during glial engulfment of degenerating axons.
We next drove expression of a shark RNAi construct in adult brain ensheathing glia in the presence or absence of Rac V12 . As expected, we found that adultspecific knockdown of Shark was sufficient to block axon clearance after axotomy ( Fig. 3a,c) . However, we observed that, unexpectedly, coexpression of Rac v12 in the shark RNAi background restored normal glial engulfment activity (Fig. 3a,c) . This observa tion suggests that Rac1 activation is sufficient to bypass requirements for the Draper signaling pathway. We found no evidence for domi nant genetic interactions between Draper and Crk/Mbc/dCed12 ( Supplementary Fig. 8a,b) . In summary, these data indicate that activation of Rac1 is sufficient to overcome loss of Crk/Mbc/dCed12 or loss of Draper signaling pathway components. Thus, Rac1 appears to function downstream of Crk/Mbc/dCed12, Draper or both during glial engulfment of axonal debris in vivo.
Glial respond to injury in the absence of Crk/Mbc/dCed-12 Drosophila adult brain glia become activated within 4-6 h after axon injury, phagocytose axonal debris within 5-7 d and then retreat from the injury site. Loss of components of the Draper signaling pathway completely blocks these events 25, 26, 29 . To further define how the Crk/ Mbc/dCed12 complex modulates these events, we assayed the exten sion of glial membranes to sites of injury using Draper and dCed6 as markers for glial membranes. One day after axotomy in controls, Draper accumulated on severed axons and in antennal lobe glomeruli innervated by maxillary palp ORNs ( Fig. 4) . Draper remained on these axons until 3-5 d after injury (at which time clearance of axons is complete), and by 10 d Draper was no longer enriched at these sites and returned to baseline ( Fig. 4a,d) . Gliaspecific knockdown of crk or dced-12 slightly delayed but did not block the accumulation of Draper on severed axons. In glial crk RNAi or dced-12 RNAi flies, Draper was detectable on maxillary palp-innervated glomeruli within 3 d after axotomy, remained on these glomeruli 5 d after injury and returned to baseline by 10 d after injury ( Fig. 4b-d ). We observed a similar dynamic movement and retreat of glial membranes in these genetic backgrounds when we labeled them with the membranetethered fluorescent protein tdTomato (see below) or examined them by visualizing endogenous dCed6. Thus, depletion of Crk or dCed12 from glia does not block activation or termination of glial responses. Rather, glia depleted of Crk or dCed12 are recruited to severed axons, although they are slightly delayed; they remain on axons for 5-7 d, fail to engulf axons and then retreat from the injury site. These data indicate that Crk/Mbc/dCed12 are specifically required for glial internalization of axonal debris. Rac1 phenocopies draper mutants Because Crk/Mbc/dCed12 can act as a GEF for Rac1, we expected that depleting Rac1 function would result in a phenotype similar to that seen in crk RNAi and dced-12 RNAi flies. However, we found that knockdown of rac1 in glia completely suppressed activation of glia and the recruitment of glial membranes to severed axons ( Supplementary  Fig. 9a-e ). This is precisely what is observed when Draper signal ing is blocked [25] [26] [27] . Thus Rac1, in contrast to Crk/Mbc/dCed12, appears to act very early in glial responses to axon injury and phenocopies draper mutants. This observa tion is consistent with our observed rescue of Draper signaling pathway inhibition by activated Rac1, as well as with the previous observation that CED10 also acts down stream of CED1 in C. elegans cell corpse engulfment 30 . As the Rac1 loss of function phenotype differs so markedly with respect to glial recruitment to severed axons from that npg a r t I C l e S to activate glia and promote its own engulfment. We labeled ORN axons with GFP and drove gliaspecific expression of the temperaturesensitive dynamin shibire ts (shi ts ), which at restrictive temperature can block glial recruitment to sites of axon injury 26 .
Axotomies were performed at restrictive temperature (30 °C), cohorts of flies were maintained for 1 or 7 d at 30 °C after axotomy before being then shifted back to permissive temperature (18 °C) and clear ance was allowed to occur for 7, 11 or 30 d. Even when severed axons were aged for 7 d, glial membranes were still recruited to severed axons and axonal debris was cleared from the CNS after flies were returned to permissive temperatures (Fig. 5a,b and Supplementary  Fig. 10a,b) . These data argue strongly that the clearance defect we see in crk RNAi and dced-12 RNAi flies is not likely to be due to the delay in glial arrival at the injury site. Moreover, these data indicate that axonal debris retains its ability to reactivate local glia and promote its own clearance from the CNS. Thus we predict that at least some of the 'come and get me' and 'eat me' signals exposed by severed axons are highly stable. Even though glia are blocked from invading sites of injury at 30 °C in shi ts backgrounds, we noted that glia surrounding the antennal lobe exhibited a marked increase in Draper 1 d after axotomy ( Fig. 5 and Supplementary Fig. 10a,b) . Several of these glia (especially those in the dorsolateral regions of the antennal lobe) are not in direct physical contact with severed maxillary palp axons 26 . This observation implies that severed axons can send 'eat me' or 'find me' signals to glia over considerable distances in the brain, which lead to increased Draper expression and, ultimately, activation of glial responses.
Crk/Mbc/dCed-12 promotes glial phagocytosis of axon debris Reactive glia are highly phagocytic, but how phagocytic pathways are genetically activated, as well as how closely their activation is coupled to initial glial responses (for example, recruitment to injury sites), remains poorly defined. We therefore developed several new tools to examine activation of the glial phagocytic phenotype and glial internalization of degenerating axonal debris. First, we assayed lysosomal activity in glial cells in uninjured brains using Lysotracker, a fluorophorebased lysosomal marker. Lysosomal activity in the uninjured brains was nearly undetectable; within 1 d after axotomy of antennal ORNs, however, we found a marked increase in Lysotracker + puncta in antennal lobe, which localized to ensheathing glia (Fig. 6a,b) . We suspect that these represent glial phagolysosomes, the product of phagosome fusion with acidifying lysosomes. We also noted the presence in glia of a large population of vesicles that do not stain for Lysotracker and are only present after injury (Fig. 6b) . We suspect that these represent phagosomes that have not yet fused with lysosomes and are therefore not acidified. This is supported by our observation that many of the vacuoles marked by TIFRGal4 housed axonal debris (see below).
Lysotracker signal in the brain was specific to regions where severed axons were degenerating. For example, ablation of maxillary palps a b
No injury 30 µm npg a r t I C l e S led to the preferential accumulation of Lysotracker + puncta along the maxillary nerve ( Fig. 7) and glomeruli housing degenerating maxil lary palp ORN axons in the antennal lobe (Fig. 7a) , but not elsewhere at appreciable levels. Only a subset of vesicles were Lysotracker + , but all internal membrane vesicles appeared to be surrounded by Draper (Fig. 7a,b) , and all were in regions containing GFP + axon debris. Lysotracker + puncta were observed maximally in the antennal lobe 1 d after axotomy, decreased at 3 d and approached baseline levels by 5 d after axotomy (Fig. 8) . We conclude that lysosomal activity is strongly upregulated in ensheathing glia in response to axonal injury and propose that the Lysotracker signal represents the maturation of phagosomes into phagolysosomes. We next assayed for action of the Crk/Mbc/dCed12 complex in maturation of Lysotracker + vesicles in engulfing glia. Although glial membranes were recruited closely to severed axons in crk RNAi and dced-12 RNAi backgrounds (see also above), there was a complete fail ure to induce lysosomal activity in these backgrounds (Fig. 8b,e) . Thus, Crk and dCed12 are essential for activation of lysosomal acti vity during glial internalization of degenerating axons. Activation of lysosomal activity is also ultimately downstream of Draper signal ing, as shark RNAi flies also failed to induce lysosomal activity after axotomy (Fig. 8b,e) , and we obtained similar results in glial rac1 RNAi flies (Supplementary Fig. 9f,g) .
It is possible that glia depleted for Crk/Mbc/dCed12 indeed engulf degenerating axons but fail to digest them through fusion of lysosomes with phagosomes. To explore this possibility, we next labeled glial membranes with membranetethered tdTomato (UAS-cd4øtdTomato) using the TIFR-Gal4 driver, labeled the axons with mCD8øGFP (OR85e-mCD8øGFP) and assayed glial internalization of degenerating axons after axotomy in control, crk RNAi , dced-12 RNAi and shark RNAi flies. In control flies, we found 1 d after axotomy that most mCD8øGFPlabeled axonal debris was found in cd4øtdTomato labeled vacuoles in glia ( Fig. 8c,d,g,h) . The number of vesicles housing axonal material peaked in control flies 1 d after axotomy, decreased at 3 d and approached baseline by 5 d after axotomy (Fig. 8c,g) ; this mirrored our findings with Lysotracker + vesicles (above) and provides direct evidence that ensheathing glial cells internalize axonal debris. Although tdTomatolabeled glial membranes were in close proximity to axonal debris 3 d after axotomy in crk RNAi and dced-12 RNAi flies, we found no evidence for internalization of GFPlabeled axonal debris (Fig. 8d,f) . Notably, in shark RNAi flies we found, consistent with our previous work 26, 29 , no evidence for recruitment of tdTomatolabeled glial membranes to severed axons. In addition, we found that shark RNAi flies failed to internalize degenerating axonal debris.
In summary, our data show that loss of Draper signaling pathway components leads to very early defects in activation of glial responses to axonal injury: in the absence of Draper signaling, glial cells are not recruited to severed axons and fail to respond morphologically to axonal injury. In contrast, flies depleted for glial Crk/Mbc/dCed12 exhibit normal glial activation and recruitment to severed axons, but they fail to activate phagocytic activity and do not internalize axonal debris. npg a r t I C l e S
DISCUSSION Distinct pathways regulate glial activation and phagocytosis
We identify Crk/Mbc/dCed12 and Rac1 as new components of the glial engulfment machinery. There are several notable differences between the genetic requirements for these pathways in the engulf ment of degenerating severed axons in Drosophila and cell corpses in C. elegans. First, rather than acting in a partially redundant fashion, as they do in cell corpse engulfment in C. elegans, both pathways (Draper/dCed6/Src42a/Shark and Crk/Mbc/dCed12 plus Rac1) are absolutely required for glia to clear severed axons from the adult Drosophila brain. In draper null mutants, clearance of developmentally pruned mushroom body γ axons is delayed by only a few days, but all axons are ultimately cleared by adulthood 22, 23 . This observation argues for the presence of pathways that act in a genetically redundant fashion with Draper during neurite pruning. The Crk/Mbc/dCed12 complex and Rac1 are excellent candidates, but so far these have not been studied in the context of developmental axon pruning.
A second key point revealed by our work is that Crk/Mbc/dCed12 and Draper each regulate distinct steps in the glial response after nerve injury. All known components of the Draper signaling pathway, as well as Rac1, act very early in the glial response and are required during glial activation for the upregulation of engulfment genes and recruitment of glial membranes to severed axons. In contrast, gliaspecific depletion of Crk, Mbc or dCed12 does not block glial recruitment to severed axons or termination of glial responses; rather, it specifically blocks the ability of glia to activate a phagocytic pheno type and internalize axonal debris. These observations indicate that glial activation and phagocytosis of degenerating axons are genetically separable events mediated by distinct molecular pathways. Notably, our observations are contrary to what one would predict on the basis of our understanding of CED2/CED5/CED12 and CED10 func tion in C. elegans. Specifically, as loss of CED2/CED5/CED12 or CED10, but not CED1/CED6, profoundly inhibits cell migration in C. elegans 31, 32 , one might have predicted a role for Crk/Mbc/dCed12 in the extension of glial membranes to severed axons. By contrast, our observation that extension of glial membranes to severed axons was largely normal in flies depleted of Crk/Mbc/dCed12 points to an unexpected but very specific role for this complex in cellular dynamics underlying phagocytosis of degenerating axons. Moreover, because Draper robustly decorated severed axons in crk and dced-12 knockdown flies, our data also raise new questions regarding Draper function during debris internalization: as these axons were decorated with Draper but they were not cleared, does Draper act during phago cytosis of axonal debris? If this is the case, it would seem likely that the Crk/Mbc/dCed12 GEF is acting downstream of Draper. If not, per haps the primary function of Draper is to specifically activate glia after sensing an injury (that is, to upregulate engulfment genes and guide glial membranes to injury sites) and then terminate glial responses in a timely fashion (that is, to return glia to a resting state) 33 .
Finally, as Rac1 knockdown and dominant negative constructs phenocopied draper mutants, our data argue strongly in favor of Rac1 acting genetically downstream of the Draper receptor. Indeed, previous observations in C. elegans suggest that CED10 (Rac1) acts downstream of CED1 (Draper) 30 . Consistent with a function of Rac1 downstream of Draper, we show that simply resupplying activated Rac1 in glia was sufficient to rescue loss of the Draper signaling path way component Shark. However, as Rac1 also appears to function at later phases with Crk/Mbc/dCed12, we propose that Rac1 acti vation immediately downstream of Draper likely occurs by means of a GEF complex that is either distinct from or redundant with Crk/Mbc/dCed12 (Supplementary Fig. 11) . Alternatively, during phagocytosis of degenerating axons, the Crk/Mbc/dCed12 complex may function downstream of an unidentified receptor that functions in parallel to Draper. Indeed, CrkII/Dock180/Elmo in mammals and CED2/CED5/CED12 in C. elegans have been shown to bind directly to the phosphatidylserinebinding receptor Bai1 and indi rectly to the frizzledlike receptor MOM5 to promote phagocytosis of cell corpses 34, 35 . However, no clear sequence orthologs of Bai1 or MOM5 exist in the Drosophila genome.
Signaling between engulfing glial cells and axonal debris After almost any brain injury, glia rapidly invade the injury site and remain there to manage brain responses to trauma [36] [37] [38] [39] [40] . The neuron glia signaling events that mediate the behavior of glial cells at injury sites remain poorly defined, but examples of glial cells rapidly aban doning an injury site before axonal debris having been cleared have not to our knowledge been reported. It is therefore notable that glial cells lacking Crk/Mbc/dCed12 function retreated from glomeruli housing severed axons within days of axotomy, leaving behind most axonal debris unengulfed. These data indicate that the presence of axonal debris is not sufficient to retain glial cells at an injury site. Is this because the cues that promote glial recruitment to and engulf ment of degenerating axons are labile and degrade over time? The presence of an early and transient axontoglia signal that stimulates Draper expression is suggested by the transient induction of Draper we saw 1 d after axotomy even in glial cells that were not in contact with severed axons and that were frozen in their morphological inva sion of the injury site (with shi ts ). The eventual downregulation of Draper to baseline suggests that either this signal is lost or that glia adapt to its presence. It would appear that the chemical properties of axonal debris, specifically the cues required to recruit glia to injury sites, do not change for at least 1 week after axotomy: we were able to reversibly block glial recruitment to severed axons using shi ts for up to 7 d yet still observe largely normal engulfment of axons when glia were allowed to reactivate engulfment behavior. Together, these data argue for the possibility of multiple injury signals from severed axons during activation of glia. First, we predict a signal that promotes increased Draper expression in glia; this would be expected to act over some distance in the brain. Second, we predict a signal that autono mously tags axonal debris in such a way that glia are able recognize it as an engulfment target, extend membranes to it and internalize it.
Why do glia leave the injury site in flies lacking glial Crk/Mbc/ dCed12? A key difference between our RNAi experiments with Crk/Mbc/dCed12 and the shi ts blockade of engulfment activity is that in the former situation glial cells were able to interact directly with severed axons for several days. This contact with axons could have allowed glia to alter the surface properties of axonal debris. For example, glia could sequester socalled eatme or comegetme cues generated by axons or could otherwise tag axonal debris in such a way that made it no longer capable of attracting engulfing glial cell types. Alternatively, essential recognition receptors in glia that lack Crk/Mbc/dCed12 could become adapted to the presence of axonal debris over time, thereby decreasing or eliminating their sensitivity to this engulfment target.
Glia might also be intrinsically programmed to remain at sites of engulfment for a particular time window before terminating their responses to injured axons regardless of the status of axonal debris clearance. We have recently identified a new function of DraperII, an alternative splice variant of Draper that specifically promotes termination of glial engulfment activity after axotomy in vivo 33 . Briefly, DraperII is activated after the proengulfment receptor DraperI and promotes a return to the glial resting state by 5-7 d npg a r t I C l e S after axotomy. Our observation that termination of glial responses occurs on schedule in flies lacking Crk/Mbc/dCed12 suggests that Crk/Mbc/dCed12 signaling is not critical for DraperII function. Therefore, Draperdependent regulation of glial reactive status is likely genetically uncoupled from internalization of debris. Somehow the communication between axonal debris and glia must change in Crk/Mbc/dCed12 backgrounds, as glia retreated from the injury site after 5-7 d and, on the basis of the lack of clearance even 30 d after axotomy, did not appear to be rerecruited to debris. Defining the molecular cues that mediate these cellcell interactions will be relevant to neurological disease, as our data indicate that a failure by glia to efficiently clear engulfment targets during a critical window leads to the irreversible accumulation of potentially harmful neural debris in the mature brain.
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